The unipolar resistive switching of the Al/ Al x O y / Al structure is investigated for nonvolatile memory. Following the production of aluminum oxide film ͑Al x O y ͒ by plasma oxidation, a high ratio of on-state and off-state currents ͑ജ10 4 ͒ is achieved, and characteristics of switching endurance are reported. Due to the good ductility of aluminum, the performance of resistive switching on a flexible substrate is not degraded by severe substrate bending. The low process temperature of the plasma oxidation process is advantageous for the fabrication of flexible electronic devices and modern interconnection processes. The plasma oxidized film has the advantage of being compatible with the technology of the present standard interconnection; it also provides a high oxidation speed with a low treating temperature.
oxides such as NiO, 3 TiO 2 , 4 Cu x O, 5 and Al 2 O 3 . 6 In general, oxide materials are deposited and grown by epitaxial methods, 2 sputtering, 3 atomic layer deposition, 4, 6 and thermal oxidation. 5 A recent report indicates that Cu x O film produced by plasma oxidation can be used for RRAM applications. 7 The plasma oxidized film has the advantage of being compatible with the technology of the present standard interconnection; it also provides a high oxidation speed with a low treating temperature.
Although the properties of aluminum oxide formed by other deposition methods were investigated previously, the plasma oxidized aluminum has not been considered a resistive switching material. In this letter, we investigate the resistive switching characteristics of the aluminum oxide formed by plasma oxidation for nonvolatile memory application. In addition, we demonstrate that the memory performance of RRAM in a flexible substrate has excellent flexibility due to the high ductility of aluminum and the merit of the low-temperature process.
The device was fabricated according to a metalinsulator-metal structure ͓Fig. 1͑b͔͒. The flexible polyethersulfone ͑PES͒ substrate was glued on a Si wafer with polyimide. The PES and polyimide can withstand a subsequent chemical wet etching process during the electrode patterning. We used an ex situ sputtering process to deposit 150 nm of aluminum as a top and bottom electrode. The patterned electrode area was 3 ϫ 3 m 2 . The oxidation process was then carried out with O 2 plasma for 30 min. The oxidation conditions were a RF power of 35 W and a working pressure of 40 Pa with a pure O 2 flow rate of 40 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The process temperature of oxidation was lower than 50°C. From a transmission electron microscope analysis, the thickness of the film was about 10 nm ͓the inset figure of Fig. 2͑a͔͒ . The Si wafer served only as a mechanical support during the processing and, as shown in Fig. 1͑a͒ , was removed at the end of fabrication process. Figure 2͑a͒ shows the typical I-V characteristics of a flexible RRAM device that produces unipolar resistive switching. To activate the device, forming process is necessary. The swept forming voltage from 0 to 3.5 V is applied with 1 mA compliance current. After then, the plasma oxidized aluminum shows a high current on/off ratio ͑ജ10 4 ͒. As shown in the inset of Fig. 2͑b͒ , the switching characteristics of native aluminum oxide formed in an air environment without any thermal treatment are comparable to those of plasma oxidized film, particularly in terms of the V set , the V reset distribution, and the current on/off ratio. However, as shown in Fig. 2͑b͒ , from the repeated switching point of view, the endurance property of the native oxide is very poor; only ten times switching is possible in contrast with the plasma oxidized film that has been switched more than 5000 times.
According to the current-voltage ͑I-V͒ characteristics, the switching of the film can be explained by the formation and rupture of the conducting filament. 4, 8 In the reset process, the Joule heating effect by the high external current is a major cause of the rupture of conducting filaments. 9 To investigate the set process, we used x-ray photoelectron spectroscopy analysis to extract stoichiometry information of the oxygen bonds that formed as a result of plasma oxidation. The spectrum of the as-deposited sample only reveals the a͒ Author to whom correspondence should be addressed. Electronic mail: ykchoi@ee.kaist.ac.kr. metallic Al peak at 72.5 eV. Figure 3͑a͒ shows that after oxidation the main Al-O peak at 75.2 eV is observed with a small metallic Al peak that indicates the presence of a bottom electrode. The calculated atomic ratio ͑Al x O y , y / x͒ for the plasma oxidized aluminum is 2.9. This result indicates that the atomic ratio of aluminum is insufficient when compared with the stoichiometric atomic ratio of 1.5 in conventional Al 2 O 3 . Hence we speculate that the aluminum vacancies that are distributed in an aluminum oxide contribute to the formation of conducting filaments during the set process. Samples that are controlled by the conditions of the plasma oxidation process to have a higher atomic ratio than 2.9 show no reproducible resistive switching characteristics ͑data are not shown͒. Thus, a proper amount of aluminum vacancies, such as Ni vacancies in NiO film, is needed for the formation of filaments. 3 Further investigation is needed of the relation between the set process and the atomic vacancies in aluminum oxide.
A retention test was carried out. Figure 3͑b͒ shows the current of the time-dependent low-resistance state at three different temperatures. As the annealing temperature was increased, the formed conducting filaments were ruptured more easily. However, no changes were observed in the highresistance state. These results are not consistent with the data of a previous report on the production of Cu x O by means of plasma oxidation. 7 In that work, as the temperature was increased, the cell current was abruptly increased due to the formation of tiny filaments. Thus, the set process of the resistive switching is triggered by annealing. We speculate that this discrepancy in the retention property is due to the conducting filament because the set process of the reported Cu x O is related to oxygen vacancies whereas the set process of Al x O y is related to aluminum vacancies.
Good mechanical flexibility was obtained as a result of the high ductility of aluminum and the simple device struc- ture. In the flexibility test, the severe bending of the substrate could not degrade the device characteristics ͓Fig. 4͑a͔͒, although the mobility of silicon-based devices varies in relation to the strain effect. In addition, the devices had good endurance in the face of continuous substrate bending. The level of endurance was evaluated by means of a substrate bending test. A mechanical vibrator induces the bending of devices at a rate of 4 bends/ s for a total of 10 5 bends. During the bending process, the current ratio between the on and off states was maintained ͓Fig. 4͑b͔͒. These results indicate that the switching mechanism of flexible RRAM is independent of the strain effect of oxide film.
In summary, the resistive switching behavior of plasma oxidized aluminum in a flexible RRAM device was investigated for nonvolatile memory application. More than 5000 repetitive switching cycles were demonstrated with a high current on/off ratio. The excellent flexibility is due to the simple device structure and the high ductility of aluminum. The low-temperature process of plasma oxidation is suitable for flexible electronic devices and compatible with modern interconnection processes.
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